Introduction -characteristics of pulsations at the output of a DC generator
DC generators offer great number of advantages that include ability to parallel operation, easy collaboration 1 with on-board batteries, simple control of supplied devices, insensitivity to overloading and many others. Owing to these advantages, they conquered and for a long time shall hold eminent place in autonomous systems of such objects as aircrafts, helicopters, automobiles and ships. However, operation of commutator DC generators is associated with many specific problems. These generators shall be discussed in the context of own laboratory investigations of the authors, experience from studies on aircrafts and analysis of available literature. The driving idea of that paper shall be the ability to diagnose and detect in advance many dangerous effects that underlie these problems.
The paper is a follow-up of research studies on DC generators described in [3, 5] that disclose new opportunities of applying the analysis of the constant component of pulsations typical for that kind of DC generators to technical condition of the mechanical driving unit that the generator is coupled thereto. These papers discuss variations of the pulsation components as a result of external phenomena, such as malfunctions of the driving unit, and the commutator-type DC generator is used as a diagnostic sensor for that driving subassembly. The examination method is colloquially referred to as FDM-A and is based on measurement of modulations of voltage frequency measured for the voltage component that represent the groove pulsation.
In turn, this paper is dedicated to opportunities for self-diagnostic of the DC generator. This method is based on measurements of all three components that make up pulsation of the output voltage, namely groove, polar and commutator ones. Consequently, the method offers opportunities for diagnostic of commutator wear, breaks and shorts in windings, misalignment between the armature and the stator.
Commutator pulsations of the voltage at the generator output relate to mutual interactions between the brushes and the commutator. During rotation movements the brushes are in contact with variable number of winding coils that leads to variations of the turn number in parallel branches and entails periodical pulsation of voltage at the brushes. Frequency f k of these pulsations depends on the number of the commutator sectors that can be expressed by the following formula [11, 12] :
where: K -number of commutator sectors.
In many studies [7, 8, 11, 12] voltage pulsations caused by sparking between brushes and the commutator pads when the DC generator is running are also classified as commutator pulsations. That phenomenon, according to the literature sources, is caused by the following factors:
-unevenness of the commutator surface that provokes mechanical oscillations at the contact point between brushes and the commutator, -electromotive force (EMF) of self-induction that is generated in the currently commutated turn when it is switched on or off by the brush, -EMF of transformation, -EMF of rotation, when a part of currently commutated turn gets 2 into the electromagnetic field of the stator.
To prevent sparking under brushes caused by mechanical reasons, the commutator surface must be extremely smooth and brushes must be run-in 3 . The recommended depressing force of brushes must not be less than 300 G/cm 2 [12] .
It is also beneficial to mount two brushes side-by-side and connect them in parallel. The radial play of the commutator should be insignificant, less than or equal ±0.02 mm. The material composition 4 of carbon brushes should also be accordingly selected: -high content of copper reduces voltage drop across the contact between the brush face and the commutator sector but can be a reason for increased sparking [7, 12] ; -high content of carbon black reduces friction but deteriorates mechanical properties.
According to [1] any scratches visible to the naked eye are inadmissible. The frequent reason for scratching is polishing the commutator surface with too 2 Designers struggle to fabricate DC generators in such a way that the currently commutated turn is in a magnetically neutral area when two sectors of the commutator are being made (together with a winding coil attached to that sector) via the brush. 3 According to overhauling technologies, the brush is considered run-in when at least 80% of contact surface between the brush and the commutator is in shining condition. 4 A carbon brush is a mixture of graphite, copper, carbon black and possibly other additives compacted under high pressure. coarse abrasive paper (abrasive paper with the coarse index above 400÷500 must never be used) or incorrect machining. For instance, machine turning of commutators with substantial diameters is troublesome and may be carried out incorrectly when too high rotation speed of the headstock or too high feed rate is set for the lathe. The maximum permissible speed of machining is 1.5 m/s with the feed rate from 0.05 to 0.1 mm.
Defects of armature windings are also a frequent reason for incorrect operation of the contact between a brush and a commutator. Nearly all defects of that type are manifested by burnouts of various intensity that can be visible at some locations of specific sectors, i.e. sectors of damaged coils are of clearly darker shade.
Incorrect operation of a commutator and brushes of large electric machines that occurs due to improper chemical composition of brushes or translocation of a magnetically neutral zone may also happen to low-power machines but it is less important. The phenomenon becomes really hazardous in the case of high power machines (in aviation above 1.5 kW). A new machine usually works correctly for some initial period of time but when the time goes by it tends to spark excessively. After a specific operation time the commutator seems to be coated with socalled mosaic polish -uneven discoloration of commutator sectors that may gradually lead to burning of each second, third, fourth or a more distant sector of the commutator. Detection of such a defect is possible even under conditions of regular machine operation with use of a simple test method that is mentioned in [10] and shall be described in a further part of this paper.
Incorrect operation of both a commutator and brushes may also be caused by penetration of oil into the brush area, e.g. when an avionic engine is subjected to maintenance operation (transformer oil). The experiments carried out at ITWL demonstrated that penetration of oil (e.g. hydraulic oil) into the contact area between a brush and a commutator when the DC generator is running leads to even worse situation and causes pulsation of output voltage. In addition, after having the voltage controller connected, the amplitude of these pulsations increases and other unfavorable effects occur as well, including pulses of voltage surges. The laboratory investigations of the driving unit LUZES-III were carried out at the ITWL laboratory on the DC generator of the GSR-ST-12000WT type excited from an external voltage source and without the voltage controller. The DC generator shaft was rotated at the speed of n = 6000 rpm and the commutator was coated with drops of hydraulic oil at the rate of ca. 5 drops/min. Consequently, voltage ripples were observed at the generator output with the range of 10÷15%. Upon switching the excitation to the circuit of self-excitation and connection of the 'regular" carbon-type voltage controller, the voltage oscillation increased nearly twice.
Under condition of a current-type load applied to the generator such a phenomenon leads to oscillations of current in the output circuit of the generator and, in consequence, premature wear of commutator brushes takes place, commutator sectors get singed and its wires may even suffer from overheating.
Contact brushes that are commonly used in avionic DC generators tend to increase their volume when soaked with oil. That leads to jamming of brushes in their holders when the depressing springs are not able to provide sufficient contact pressure. It entails increased sparking or even formation of an electric arc, which results in premature deterioration of the commutator. Such an arc enables electric connection between more commutator sectors than it should be under normal conditions and coils located outside the magnetically neutral area are also shorted by the commutation unit. Some commutator sectors can be even welded. The total current that flows through individual brush wires substantially increases but the most important is that the pulsation amplitude significantly grows. Consequently, brush wires become overheated and can be burnt. If amount of oil that penetrated into the commutator unit is considerable, one has to be aware that all the brushes may have to be replaced. No brush that even once is soaked with oil is suitable for further use.
Operation of DC generators under conditions of elevated humidity also adversely affects lifetime of contact brushes and commutator sectors. According to [1] , excessive humidity leads to formation of a thick layer of uneven and nearly black pseudo-finish polish. Consequently, it may result in growth of pulsation amplitude and gradual deterioration of the commutator subassembly.
Groove pulsation of commutator-type DC generators
Conventional 5 DC generators commonly comprise grooves of the dovetail shape since it guarantees steady mechanical fixing (locking) of windings on the armature. For the specific angular speed of the armature ω 2 = const, the time slots between moments when groove pulsation waveforms cross the predefined reference thresholds shall depend solely on the angular error (inaccuracy) of teeth cutting (Fig. 1÷2 ). These errors shall appear in each working cycle after every full revolution of the armature, thus they can be easily filtered and eliminated. On the other hand, the angular distance between grooves is fixed. Therefore, for variable rotation speed of the armature (ω 2 = var), the time slots between sub-sequent moments when waveforms cross the 'zero' level 6 (after having filtered possible errors due to inaccuracies in cutting the armature grooves) shall be strictly related to angular speed variations of the armature. The foregoing properties of groove pulsations present a valuable source of diagnostic information about technical condition of the DC generator driving unit, which has borne fruit in laying out the FDM-A method that is outlined in many papers, including [4, 5] . Since DC generators have from Ż = 20 to Ż =140 armature grooves and bearings of their armatures have from N = 5 to N = 11 rolling parts, the multiplicity factor ranges from k r = 5 to k r = 20 and enables to track movements of these components with the error less than 10% [4] . Therefore, a DC generator can serve as a good converter that enables diagnosis of own antifriction bearings. Measurements of amplitudes for groove pulsations enable location of breaks in the armature windings. The data sourced from own investigations of the authors [2, 4] and from referenced literature [8, 11, 12] make it possible to conclude that breaks in windings are reflected by drops in relative values δ ż (referred to the RMS output voltage U w of the DC generator) of groove pulsations. That relative pulsation can be expressed by means of the formula:
where: m -number of subsequent period of groove pulsations, expressed by natural numbers, U max-m -maximum instantaneous voltage for the specific pulsation component over the specific period of n, U inx-m -minimum instantaneous voltage for the specific pulsation component over the specific period of n, Ż -number of the armature grooves.
At the same time one has to keep in mind that variations in the RMS values ΔU w of the output voltage upon a break in the armature windings ( , detection of the winding break by measurements of the output voltage U w during operation of the DC generator proves infeasible. On the other hand, the experience of the authors demonstrates that it is possible to measure amplitudes of groove pulsations and detect breaks in the armature windings by means of a recorder with the sufficient sampling frequency. Initially, it is enough to assume that the sampling frequency of the recorder should be tenfold higher than the frequency of groove pulsations for a specific commutator-type DC generator. Breaks in the armature windings result in drops of the groove pulsation from 0.8% to 1.5%, which is fully measurable when the measurements sensitivity of the equipment possessed by the laboratory is about 0.1%. One has only to count up the number of grooves for a specific DC generator. When waveforms exhibit systematic reduction in numbers of commutator pulsations counted for each revolution period of the DC generator armature, there is a high probability to infer that windings of the armature are broken.
It is also possible to develop a semiautomatic diagnostic tester that should allow the operator to key in the number of armature grooves (or the operation mode of the DC generator with the already preloaded table of design parameters for all commutator-type DC generators being in use within the country) and to track amplitudes of waveforms for individual grooves of the armature -it would be necessary to track the peak values for each groove pulsation. If the pulsation with re-duced amplitude repeats within a certain number of grooves, the tester should display the message about a winding break. 
Polar pulsations
The effect of polar pulsations can be observed on the curve for output voltage of the DC generator that can be plotted from the data sourced from [2, 4] in the form of modulated amplitude, which is shown in Fig. 1 in the form of variations of the waveform peaks.
The modulation frequency is directly proportional to the number of stator poles whilst the angular speed of the armature and the peak-peak span of the amplitude is directly proportional to variations of the magnetic reluctance between the armature and the stator. The signal conveys the information about anisotropy of steel sheets in the magnetic circuit of the DC generator. That modulation may result in an insignificant measurement error ΔT i but due to its pretty repeatable nature typical for a certain unit of a DC generator, that error can be easily filtered out. The relative value of polar pulsation δ b can be expressed by the following formula: 8 Comparison between gain of parameters before breaking the winding and afterwards.
where: o -natural number that stands for the number of the subsequent period of the polar pulsation, U max-m -maximum instantaneous voltage for the specific pulsation component with the period of o, U inx-m -minimum instantaneous voltage for the specific pulsation component over the specific period of o.
Polar pulsations convey several important diagnostic messages: • the phase parameter informs about possible errors in geometrical deployment of stator pole shoes, • pulsation amplitude (the envelope shape in Fig. 1 ) reflects, in general, irregularities in distribution of the magnetic field below magnetic poles of the stator and in some cases may also reveal shorts or breaks in windings of the armature or the stator: -if amplitude of polar pulsation is uniform over the entire period and reaches the levels that are comparable to the amplitude of groove pulsations across the armature contacts, it indicates an overload of a single turn due to increased leakage of its insulation or a partial short fault, either to ground or between turns of the armature within the same groove, -if the amplitude of polar pulsations is non-uniform over the entire period of the rotation cycle, e.g. one peak value of the pulsation envelope for a single revolution of the armature, it indicates an overload of a single turn due to increased leakage of its insulation or a partial short fault, either to ground or between turns of the armature within the same groove, -if the amplitude of polar pulsations is uniformly reduced over the entire period of the armature revolution (Table 2) , it may be a symptom of a break in the armature windings.
Due to diagnostic complexity of the output signal and its small amplitude as compared to the carrying component (groove pulsation), localization of broken windings by measurements of polar pulsations seems to be the approach of poor accuracy.
However, the signal of polar pulsation grows substantially in case of a short fault in any winding -the pulsation amplitude is several times higher as compared to the amplitude of groove pulsations. Since the short fault of a winding turn leads to considerable amplitude growth of the commutator-type pulsations, the effect of short fault is discussed in details in the subsequent section. 
Commutator-type pulsations -general characteristics
Commutation consists in periodical making (and opening) of individual circuits (coils) of the armature windings. The theoretical background for formation of the commutator-type component of pulsations is explained in Fig. 2 that illustrates mutual interrelationships between the commutator and groove types of pulsations as well as deployment of the armature grooves and commutator sectors. The illustration presents ideal waveforms that can be obtained under the following assumptions:
-no vibrations of brushes in brush holders are recorded, -no variations of loads applied to the DC generator occur during its operation, -location of brushes is perfectly selected in magnetically neutral areas of the stator, -commutator brushes are infinitely thin, -angular speed of the armature remains constant.
Avionic commutator-type DC generators have coil windings on armatures. Ends of these coils are attached to commutator sections. Rotation of the commutator leads to bridging a few (2 to 4) sectors, which leads to making connections between terminals of the corresponding number of coils. Since brushes, or more precisely, their central lines, are deployed in the magnetically neutral area of the stator, the making voltage and currents are relatively low (the lowest) in the central region of a brush and increase in pace with approaching to the brush edge, where circuits that are being made or broken are located outside the magnetically neutral area. The most important issue is the voltage between the commutator and the both outermost edges of the brush, where the specific role falls to the outgoing edge, i.e. at the moment when the already made circuit of the commutating coil is being opened. To measure the associated phenomena one can use a thin contact brush glued to the conventional copper and graphite brush and separate from the latter with some insulating material.
According to [10] , taking measurements in a conventional way with use of a voltmeter enables readouts of only mean (RMS) values of the output voltage, which is not relevant for evaluation of the commutation quality. A valuable improvement can be achieved when the measurements are supported with record-ing of waveforms with use of an oscilloscope since the oscilloscopic measurements enable tracking of voltages that are generated across the outgoing edge 9 . The waveforms displayed on the oscilloscope tube can be then recorded.
The voltage that is measured at the moments when the RL circuit with flowing current is being opened can be described by the following relationship:
where: L c -coil inductance,
Under real conditions, inductance of coils is always associated with a certain own capacity C w and leakage conductance G w . Then:
where:
According to [10] the voltage that is generated at the moment when the RL circuit with flowing current is being broken can be expressed with the equation:
where nearly always:
thus:
The L c inductance that occurs in the foregoing equation is, with reference to the commutating coil, the inductance of the coil at the moment when the commu- 9 The outgoing edge of a commutator brush is the edge where subsequent commutator sectors emerge from beneath when the commutator is rotating tation ends but with consideration to all mutual couplings with adjacent bridged circuits (commutated at the same time). It is commonly known that a brush is always wider than a commutator sector and bridges more than one coil. Since several blocks of coils are deployed within a single layer in a groove, the L c parameter at the moment of unbridging is not the same for all coils. The highest L c parameter exhibits the coil that is the latest commutated one within the groove with the worst conditions for commutation. It is the outgoing brush with the highest voltage across its lagging edge with the highest probability of sparking.
Commutator-type pulsations according to own investigations of the authors
The investigations that have already been completed by the authors [2, 4] revealed that amplitudes of these pulsations are directly proportional to the load from the output current (current load). The studies on the DC generator of the GSR-ST-12000 WT type demonstrated that the amplitude of commutator-type pulsations (Fig. 2b) is nearly invisible on the background of groove pulsations (Fig. 2d ) when the loading current of the DC generator is less than 10% of the rated load. For loads at the level of ca. 10% these pulsations are hardly visible in the waveform of the output voltage. Phase angles for individual half-sine curves of commutator-type pulsations (Fig. 2d ) are subject to variations on the background of groove pulsations and demonstrate individual displacements of phase angles due to mechanical vibrations of brushes in their holders and during ramp-up times of the output current sourced from the DC generator. Therefore, according to [2] , commutator-type pulsations cannot be used to infer about the size of defects in kinematic pairs of the driving unit that actuates the DC generator since there is no linear relationship between the phase modulation of the frequency for that component of pulsations and oscillations of the angular frequency due to defects in individual kinematic pairs. However, they can be useful as a source of diagnostic information about other defects and deficiencies, e.g. the commutator and brush subassembly. Under the rated load 10 (Fig. 3 ) the peak value of commutator-type pulsations reaches 50% of groove pulsations. It means that tracking of the phase angle of commutator-type pulsations with use of the FDM-A method, one can infer about condition of the commutator and brush subassembly of the DC generator.
The test with controlled shorts in the armature also conveyed plenty of interesting information. The examinations were carried out under laboratory conditions in a test bench for driving units with external excitation from a DC power supply module. It turned out that in case of a short fault in the middle of windings within the armature, the amplitude for the component of polar pulsations (Fig. 4 , the slow-varying component) has become the dominating one and the commutatortype pulsation (Fig. 4, the fast-varying component) is the second one. Nevertheless, the amplitude of the commutator-type pulsation component was steady in terms of frequency and the amplitude value but the component of commutatortype pulsations varied during revolutions of the DC generator armature and reached its peaks at moments of transitions below subsequent poles of the DC generator stator. Similar phenomena were observed in case of short faults within the armature of the GS-18 MO DC-generator installed on board of the Mi-8 helicopter upon disconnection of the on-board rechargeable batteries from the onboard electric network. Waveforms of pulsation components recorded during field tests on the helicopter board were considerably suppressed as compared to results from laboratory test. Therefore it is necessary to consider bypassing of the carbon stick in the voltage controller with an equivalent resistor for the time of diagnostic observations. The unambiguous change in mutual relationships between amplitudes of pulsation components enabled researchers from the Onboard Equipment of the ITWL Avionic Division to detect shorts in armatures of commutator-type DC generators during regular operation of the equipment. In the future it will be also possible to design an automatic, electronic tester. Actually, it would be a tester capable of investigating technical condition of commutator-type DC generators as mentioned in Section 2 (groove pulsations across the armature) supplemented with a testing path for detection of shorts between windings. Section 2 covered detection of breaks in windings by searching for a repeatable reduction in amplitude of groove pulsation with the period corresponding to full revolution of the armature. In case of testing for short faults the tester shall have to track the relationship between the amplitudes of polar and commutator-type pulsations. When an internal short happens to the DC generator, the amplitude of polar pulsations prevails all other pulsation components (Fig. 4 and 5) , the component of polar pulsation is many times higher than other pulsation types. Upon a short fault the depth of modulation for the polar and commutator-type pulsations reaches 300% to 500% of the amplitude for groove pulsations and is steady in terms of frequency and amplitude.
Commutator pulsations and wear of the commutator surface
Long-term operation of a commutator-type DC machine leads to abrasive wear of the commutator surface. Therefore, the commutator diameter is reduced (Fig. 5) . Initially the brush Sz slips on the surface Pk 1 of a cylinder with a larger diameter and as the machine lifetime goes by the diameter is reduced due to wear processes to the Pk 2 cylinder. Simultaneously, due to specific features of the commutator design, the length of electric arc for the certain brush becomes longer. Therefore, the number of commutator sectors that are bridged at a time is also increased. For instance, at the beginning of the machine operation the brush bridges two sectors (K 4 and K 5 ) with three sectors (K 4 , K 5 , K 6 ) that are bridged at the end of the commutator lifetime. Another important issue for the maintenance personnel is to prevent from operation the commutator-type DC generator with excessively deep grooving and notching of the commutator surface 11 , which leads to increased number of coils that are bridged at a time. If so, the coils located outside the magnetically neutral area are bridged as well, which results in growth of commutation currents. According to [6] , when the machine brushes cover (bridge) more than one commutator sector, the electromotive force of selfinduction is accompanied by the electromotive force of mutual induction with the sophisticated effect on the machine operation. However, the major issue is the quality of brush contact since it not only depends on the brush mark, the depressing force, size and quality of the contact surface between the brush and the commutator, nature and degree of brush vibrations, weather conditions and temperature of the contact but also on faults in commutated circuits (shorts or breaks in windings).
Another problem is various wear degree for brushes of a single DC generator. The first rule for the maintenance personnel of an aircraft entrusted to replace brushes is to select brushes with the same serial number, i.e. the same 'charge'. It results from the need to keep the same composition of ingredients for production of brushes. Even slight deviations in the mixture composition may be really important for abrasive properties of carbon brushes during their operation. During inspection of the commutator and brush subassembly, one has to pay attention (according to [6] ) that for brushes that contain metallic additives the voltage drops as functions of the contact current are higher for brushes with positive tolerances than for undersized brushes, both under normal conditions and for flight at high altitudes. In general, according to [6] , for 'black' 12 brushes, i.e. without metallic additives, the Δu = f(I) characteristic curves correspond to higher voltage drops for brushes with negative tolerances than for anodic ones and the difference in the span of voltage drops between oversized and undersized brushes may reach as much as 200%. It is the fact that must be taken into account when length of brushes is checked during the DC generator operation. Fig. 5 . Variations in number and geometrical shape of simultaneously bridged commutator sectors due to abrasive wear and reduction in height of that sectors: Sz -carbon brush, spr -depressing spring, K 1 , K 2 ... K 7 -subsequent sectors of the commutator, Pk 1 -commutator surface at the beginning of its operation, Pk 2 -commutator surface at the end of its operation, g sz -brush thickness, m 1 , m 2 , m 3 ... -subsequent isolating shims (micanite) between commutator sectors, ω -direction and sense of the commutator rotation speed 12 'Black' brushes, i.e. without metallic additives are used only for low-power machines. Pk 2 g sz
Recapitulations
The paper presents both theoretical knowledge and practical, comprehensive interpretation of components of pulsations in output voltage of DC generators. The attention is paid to correlation between groove, polar and commutator-type pulsations on one side and some electric or mechanical phenomena, such as oscillations in angular speed of the armature, vibration of brushes in their holders, variations in the level of output current or radial play.
The method that was applied by the authors to examine specific correlation of pulsations and to detect short faults in armature or stator windings is outlined with details. It is suggested to monitor groove pulsations in order to detect breaks in windings. The idea of an algorithm for engineering of a dedicated automatic tester capable of detecting shorts or breaks in winding is drawn up as well.
